The FoxOs represent an evolutionary conserved subfamily of forkhead transcription factors unified by presence of a highly homologous DNA-binding domain termed "forkhead box". In contrast to invertebrates, which only express a single FoxO gene (dFoxO in D. melanogaster and DAF-16 in C. elegans) mammals contain 4 distinct isoforms: FoxO1, FoxO3, FoxO4 and the atypical FoxO6, which shows divergent modes of regulation and expression (1). FoxOs are regulated by various posttranslational modifications including phosphorylation, acetylation and ubiquitination. Among those, phosphorylation by the insulin receptor/ phosphatidylinositol 3-kinase/ protein kinase B (InsR/PI3K/PKB) cascade provides a master switch of FoxO activity. Growth factors or insulin stimulation lead to activation of this pathway and trigger PKB-dependent FoxO phosphorylation at three distinct residues followed by nuclear exclusion and proteasomal degradation (2). In contrast, absence of growth factors or treatment with inhibitors of the PI3K/PKB pathway results in silencing of PKB activity, promoting nuclear localization and transcriptional activation of FoxOs. This antagonism is http://www.jbc.org/cgi
The FoxOs represent an evolutionary conserved subfamily of forkhead transcription factors unified by presence of a highly homologous DNA-binding domain termed "forkhead box". In contrast to invertebrates, which only express a single FoxO gene (dFoxO in D. melanogaster and DAF-16 in C. elegans) mammals contain 4 distinct isoforms: FoxO1, FoxO3, FoxO4 and the atypical FoxO6, which shows divergent modes of regulation and expression (1) . FoxOs are regulated by various posttranslational modifications including phosphorylation, acetylation and ubiquitination. Among those, phosphorylation by the insulin receptor/ phosphatidylinositol 3-kinase/ protein kinase B (InsR/PI3K/PKB) cascade provides a master switch of FoxO activity. Growth factors or insulin stimulation lead to activation of this pathway and trigger PKB-dependent FoxO phosphorylation at three distinct residues followed by nuclear exclusion and proteasomal degradation (2) . In contrast, absence of growth factors or treatment with inhibitors of the PI3K/PKB pathway results in silencing of PKB activity, promoting nuclear localization and transcriptional activation of FoxOs. This antagonism is corroborated by findings in C. elegans, in which inactivating mutations of the InsR/PI3K/PKB pathway result in increased stress resistance and longevity, whereas DAF16 deficiency reverts this phenotype (3, 4) . At the cellular level, constitutive PKB activation promotes proliferation, survival and tumorigenesis, while expression of PKBinsensitive variants of FoxO containing alanine replacements at the three PKB phosphorylation sites (FoxO.A3) effectively antagonize these effects and induces either cell cycle arrest (5-7) or apoptosis (8) (9) (10) in a cell type-specific manner. Over time various functionally relevant FoxO targets have been identified. These include genes required for G1-S progression such as the Cyclindependent kinase (CDK) inhibitor p27Kip1 and Dtype Cyclins (5-7), proapoptotic genes such as the death ligands FasL (8) and TRAIL (10) , or the proapoptotic Bcl-2 family member BIM (9, 11, 12) , as well as stress resistance genes such as superoxide dismutase (SOD) (13) and GADD45 (14) , which promote detoxification of reactive oxygen species and DNA-damage repair, respectively. FoxOs furthermore modulate genes involved in energy metabolism and gluconeogenesis in the liver (15) and are key players in vascular development, remodeling and angiogenesis (16) (17) (18) . The latter is underscored by recent knock-out studies, which revealed that germline deletion of FoxO1 results in embryonic lethality due to defects in blood vessel formation (16, 19) . Consistently, combined somatic deletion of FoxO1 and at least one other FoxO gene leads to the development of hemangiomas (20) . While this supports the concept of functional redundancy of the different FoxOs, FoxO4 deficient mice are vital and do not show any overt phenotype (19) . Likewise FoxO3-/-mice reveal no apparent signs of endothelial dysfunction but suffer from ovarian infertility (19) and disturbed lymphocyte homeostasis (21) . Albeit the absence of endothelial phenotypes may reflect a low or absent expression of FoxO3 and FoxO4 in embryonic vessels, recent in vitro data suggest that the two major FoxOs in adult vessels, FoxO1 and FoxO3, may have divergent targets in endothelial cells (ECs) and could fulfill alternative functions (18) . FoxOs classically regulate gene expression by binding of their forkhead boxes to a specific TTGTTTAC consensus sequence present in the promoter of their target genes (22, 23) . While the forkhead boxes of human FoxOs are almost identical, the isoforms vary in their transactivation domain and exhibit distinct and overlapping tissue distribution (19) . Moreover, transcriptional regulation is not only promoted by binding to forkhead responsive elements (FRE), but also alternatively by binding to unknown target motifs or interaction with other transcriptionally active mediators (24). Others and we have previously reported that FoxOs can effectively repress transcription of D-type cyclins, which lack classical FREs in their promoter (6, 7) . Furthermore, a mutant of FoxO1, which failed to bind to its established DNA-consensus sequence, still efficiently inhibited cell cycle progression and Cyclin D (CCND) expression in PTEN-negative renal carcinoma cells (6) , suggesting the existence of alternative mechanisms of transcriptional regulation beyond classical DNA binding. Here, we used functional assays, microarray analysis and bioinformatic approaches to elucidate the endothelial responses elicited by conditional activation of FoxO3 or a corresponding FREbinding mutant. We demonstrate that FREindependent cell cycle regulation by FoxOs is not specific for tumor cells but also occurs by similar mechanisms in relevant primary cells. We further show for the first time that FoxO3-induced apoptosis as well as other responses can likewise occur in absence of FRE-binding and results from combined induction of FRE-dependent and FREindependent FoxO3 targets. Our data provide evidence that FoxOs utilize both classical and alternative transcriptional mechanisms to control specific functions in primary human ECs.
Experimental procedures
Chemicals and antibodies-Following commercially available antibodies were used: α-Tubulin (T5168), BIM (B7929): Sigma Aldrich. ERK1/2 (sc-154, Santa Cruz), FoxO3 (#9467) and cleaved Casp-3 (#9664, Cell Signaling). p27Kip1 (610241) and BrdU-FITC (347583) were obtained from Becton Dickinson; the monoclonal antibodies against cFLIP (NF6) and Casp-8 (C15) are available from Enzo Life Sciences. 4-Hydroxy-(Z)-tamoxifen (4OHT, Calbiochem; Cat#579002) and LY294002 (Sigma Aldrich; Cat#L-9908) were used at a concentration of 100nM or 10µM, respectively. Z-IETD-FMK (Caspase inhibitor II, #218759) was purchased from Calbiochem.
Culture of primary cells and cell lines-
Primary HUVECs were purchased from Lonza and cultured as previously described (25) . Only cells from passage 3 were used for infection and maximally passaged once for the experiments.
Plasmids and site-directed mutagenesisPlasmids for retroviral expression of conditionally active FoxO3.A3.ER (pBabe puro HAFoxO3.A3.ER) and cFLIP L (PINCO-cFLIP L ) have been described previously (26, 27) . A corresponding DNA-binding mutant of FoxO3 (pBabe-puro HA-FoxO3.A3.ER.H212R) was generated by using a site-directed mutagenesis kit (Stratagene) with the following forward: 5'-GAACTCCATCCGGAGAAACCTGTCACTGCA TAG-3' and reverse: 5-CTATGCAGTGACAGGTTTCTCCGGATGGAG TTC-3' primers. The 6xDBE-luc construct containing 6 copies of the DAF-16-binding motif and the BIM-luc construct containing the natural rat BIM promoter have been described earlier (12, 22) .
Microarray and statistical analysis-HUVEC were infected in 3 independent experiments with either empty pBabe puro vector, pBP-HA-FoxO3.A3.ER, or pBP-HAFoxO3.A3.ER.H212R in 3 consecutive rounds and 72h post infection, cells were selected for puromycin resistance by adding 2µg/ml puromycin overnight. Subsequently, cells were reseeded in puromycin-free medium and total RNA from medium-stimulated controls or from cells treated for 12h with 4OHT was isolated and individually processed for microarray hybridization using Affymetrix HG-U133 Plus 2.0 arrays according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). A Custom CDF Version 11 with Entrez-based gene definitions was used to annotate the arrays (28 After incubation with 30µl of ChIP-grade protein G agarose beads for 2h at 4°C, antibody-DNA complexes were eluted from the beads and digested by 40µg of Proteinase K for 2h at 65°C, followed by spin column-based purification of the DNA. Transcription factor binding was finally assessed by qRT-PCR using the following primers: for the IGFBP1-Promoter: forward: 5'-CCTAACAACGGGACAAACAG-3', reverse: 5'-CTGCCAATCATTAACCTCCTG-3'; for the BIM-promoter, forward:
5'-AGGCTAGGGTACACTTCG-3', reverse: 5'-AGGCTCGGACAGGTAAAG-3'. For quantification, the comparative cycle treshold (Ct) method was used. Briefly, the measured Ct values of each IP fraction were first normalized to the dilution-corrected Ct values of the respective input samples to obtain ∆Ct values. Subsequently, differential site occupancy across samples (i.e. the enrichment of the analyzed promoter sequence relative to the respective experimental control) was determined according to the formula 2 -(∆Ct experimental sample -∆Ct experimental control)
. As additional controls, sequence enrichment relative to a non-specific antibody control (=fold enrichment above background) and sequence enrichment relative to the total amount of input DNA (=% input) were determined.
Western blot-For analysis of protein expression, cells were lysed in E1A lysis buffer (150 mM sodium chloride, 50 mM HEPES (pH 7.5), 5 mM EDTA and 0.1% Nonidet P-40) freshly supplemented with 20 mM sodium glycerophosphate, 0.5 mM sodium orthovanadate, and Complete Protease Inhibitor Cocktail (Roche Molecular Biochemicals) and proteins detected by Western blot as described (7) .
Cell cycle analysis-Apoptotic cells from supernatants were collected by centrifugation and combined with trypsinized adherent cells. Cells were fixed in 70% (v/v) ethanol and RNA was degraded by 0.25 mg/ml RNAse. Finally, cells were stained with 10µg/ml propidium iodine and cell cycle distribution and subdiploid DNA-content was analyzed by flow cytometry using BD FACSDiva Software Version 6.1.1 (Becton Dickinson).
BrdU-labeling-To determine S-phase distribution, HUVEC were incubated for 10 min with 1µM of bromodeoxyuridine (BrdU) and fixed in 70% ethanol overnight. Cells were then costained with FITC-coupled anti-BrdU antibody and PI and analyzed by flow cytometry as described (7) .
Colony formation assays-Control cells and cells expressing various transgenes were cultured until control cells reached confluency, then fixed by methanol (100%v/v) and subsequently stained by 0.1% (m/v) crystal violet as described (7) .
Cytotoxicity assaysViable cells expressing vector or the FoxO3 mutants were simultaneously fixed and stained with 10g/l crystal violet in 40% (v/v) methanol, washed and airdried. Remaining crystal violet was then extracted with methanol (100%v/v) and dye intensity of the extracted fraction indicating the relative amount of viable cells was determined by measuring absorption at 570nm using a spectrophotometer.
Retroviral infections-Retroviral infections of HUVEC were done in three consecutive rounds as described (25) , using stable φNX producer cells for pBabe puro empty vector, pBabe puro HAFoxO3.A3.ER, pBabe puro HAFoxO3.A3.ER.H212R, Pinco empty vector or Pinco-cFLIP L , respectively.
Transfection of HUVECs with small interfering RNAs-For siRNA transfection, HUVECs were seeded at a density of 12000 cells/cm 2 and siRNAs were transfected at a final concentration of 100nM the following day by using oligofectamin (Invitrogen) according to the manufacturer's protocol. Scrambled control siRNA (sense: 5'-UUCUCCGAACGUGUCACGUTT-3', antisense: 5'-ACGUGACACGUUCGGAGAATT-3') and siRNAs against NOXA (sense: 5'-CUUCCGGCAGAAACUUCUGTT-3', antisense: 5'-CAGAAGUUUCUGCCGGAAGTT-3') were synthesized by MWG Biotech AG and were described previously (30) . Validated siRNA against BIM (sense: 5'-GAGACGAGUUUAACGCUUATT-3', antisense: 5'-UAAGCGUUAAACUCGUCUCCG-3') was purchased from Qiagen (Cat#:SI2655359).
Luciferase assays-HUVECs were retrovirally infected with pBP empty vector, pBP-HA-FoxO3.A3.ER or pBP-HAFoxO3.A3.ER.H212R and after 72 h selected for puromycin positivity overnight. Cells were reseeded at a density of 750.000 cells/10cm dish and transfected with 5 µg of the respective Firefly luciferase reporter constructs and 133 ng ubiquitindependent Renilla luciferase as described (25) . Cells were stimulated for 16 h with 4OHT and luciferase activity was measured using the DualGlo Luciferase Assay System (Promega) according to the manufacturer's protocol.
Firefly chemiluminescence values were each normalized to the co-transfected Renilla luciferase control reporter generated chemiluminescence.
RESULTS

FoxO3 induces apoptosis by FREdependent and -independent mechanisms.
To study the impact of FoxO3 on ECs in vitro we used a conditionally active FoxO3.A3 mutant, fused to a mutant form of the hormone-binding domain of the murine estrogen receptor, which renders this protein conditionally active by addition of 4-hydroxy-tamoxifen (4OHT) to the culture medium (FoxO3.A3.ER) (26) . We generated a FRE-binding mutant of FoxO3 by site-directed mutagenesis of histidine 212 in the third helix of the forkhead box to arginin (FoxO3.A3.ER.H212R). H212 was chosen since structural analysis revealed a direct interaction of this residue with bases of the FRE consensus site (23) . Moreover, mutation of the corresponding H215 site in FoxO1 to arginine abolished FREbinding in bandshift assays and prevented recruitment to the promoter of insulin growth factor-binding protein-1 (IGFBP1), an established FoxO target gene containing a FRE sequence in its promoter region (6) . Luciferase assays in various cells including human umbilicial vein endothelial cells (HUVEC) using a FoxO-responsive six times DAF-16-binding element-driven luciferase reporter (6xDBE-luc) (22) confirmed the inability of FoxO3.H212R.ER to transactivate classical FoxO-responsive promoters upon 4OHT addition ( Fig. 1A and data not shown). In contrast, 4OHT treatment of HUVEC transfected with the parental FoxO3.A3.ER construct lead to a 20-25-fold induction in this assay, suggesting a complete loss of FRE-binding capacity of the H212R mutant. This loss of functionality was further supported by chromatin immune precipitation (ChIP) experiments, which confirmed its failure to bind to an established FRE-containing region of the IGFBP1 promoter in vivo (Fig. 1B ) (6) (Suppl. Fig  1) .
Additionally, 4OHT stimulation of FoxO3.A3.ER.H212R-infected HUVEC had no effect on the levels of IGFBP1 mRNA or protein expression of p27Kip1 (Fig.1C, D) whereas both genes were strongly induced by conditional activation of FoxO.3.A3.ER. Remarkably, 4OHT treatment consistently triggered apoptosis in FoxO3.A3.ER.H212R-infected HUVECs albeit less efficient compared to FoxO3.A3.ER-infected cells. This was both evident by the presence of cleaved effector Caspase-3 (Casp-3) in Western blots ( Fig. 1D ) and by subdiploidy analysis of propidium-iodine stained cells (Fig. 1E ), indicating apoptosis induction at 32h or 48h after 4OHT treatment, respectively. Although apoptosis induction was less pronounced with the FREbinding mutant as evident from statistical analysis of multiple experiments (Suppl. Fig. 2A ), prolonged activation of both mutants showed no major differences in colony formation assays and quantitative cytotoxicity assays (Fig. 1F , Suppl. Fig. 2B ), indicating that FoxO3 can equally affect EC proliferation and viability in the absence of a functional FRE-binding domain.
FoxO3 regulates gene expression both by classical and alternative mechanisms. To elucidate classical (i.e. targets that require FRE-binding) and potentially existing alternatively regulated FoxO3 targets in ECs, which mediate the observed effects, we performed microarray analysis using Affymetrix HG-U133 Plus 2.0 chips, which cover 47.000 transcripts and 6.500 additional genes of the human genome. For this, HUVECs were retrovirally infected with either empty vector, FoxO3.A3.ER or FoxO3.A3.ER.H212R, respectively. Cells were stimulated with 4OHT for 12h and total RNA from three independent experiments was individually processed for DNA microarray hybridization. An early time point for analysis was chosen to prevent secondary effects 6 on gene expression. The raw and normalized data are deposited in the Gene Expression Omnibus (GEO) database (accession No. GSE-16573; http://www.ncbi.nlm.nih.gov/geo/). Correlation heat mapping (Suppl. Fig. 3A ) and 3-dimensional principal component analysis (Suppl. Fig. 3B ) was used to illustrate differential gene expression patterns between FoxO3.A3.ER and FoxO3.A3.ER.H212R and their controls, respectively. The two analyses concordantly show that 4OHT-treatment of both FoxO3 mutants elicits gene expression patterns, which are distinct from each other and additionally different from the gene expression of the controls. Only genes with a fold change ≥ 1.5 and a p-value below the threshold estimated by the Holm multiple testing algorithm compared to the untreated empty vector were considered as significantly regulated. According to these criteria, we overall identified 579 genes regulated by FoxO3.A3.ER alone and 348 genes that were co-regulated by the two mutants, demonstrating the potential of FoxO3 to regulate gene expression by alternative mechanisms. No genes were regulated by the addition of 4OHT in vector-infected cells and only 13 genes were non-specifically regulated by introduction of the two FoxO3.ER mutants. For statistical reasons, we also found a class of genes regulated by FoxO3.A3.ER.H212R alone, which likely resulted from an increased availability of this mutant for binding partners due to its deficiency to bind classical FRE. This group primarily contained non-specific gene classes (data not shown) and thus was excluded from further analysis.
FoxO3 regulates distinct endothelial functions in the absence of direct FRE-binding.
We then performed functional annotation clustering, using a bioinformatics tool provided by the Database for Annotation, Visualization and Integrated Discovery (DAVID) (31) to identify classes of functionally related genes regulated by the two FoxO variants. This tool integrates functionally related gene ontology (GO) groups and ranks these functional clusters accordingly to their statistical significance of overrepresentation by calculating an enrichment score. Interestingly, this analysis revealed the existence of various functional gene clusters that are not regulated classically by binding to FREs (Fig. 2) . These include multiple clusters related to cell cycle regulation, which were statistically overrepresented within the group of co-regulated transcripts compared to the total amount of genes present on the chip. In agreement with an established inhibitory effect of FoxOs on proliferation, cell cycle-related clusters were particularly found in the co-repressed group of transcripts. In addition, DAVID analysis revealed the overrepresentation of functional annotation clusters related to the immune system such as "leukocyte differentiation", "regulation of macrophage differentiation" and "B-cell differentiation" among the co-upregulated group. This included genes such as the inhibitor of DNA binding 2 (Id2), a repressor of helix-loop-helix proteins and established regulator of B-cell differentiation and granulopoiesis (32, 33) , the TGF beta family member inhibin beta A (INHBA), an established inhibitor of follicle stimulating hormone secretion and regulator of hemopoiesis (34, 35) , as well as the crucial mediator of thymocyte development Early growth response-1 (EGR1) (36,37) (Suppl. Table I ). FRE-independent regulation of all these genes was independently verified by qRT-PCR (Fig. 3A) confirming the reliability of our microarray data. Clustering of the genes upregulated by 4OHT-induced activation of FoxO3.A3.ER alone (below referred to as "FoxO3.A3.ER only" group) uncovered a direct role of FoxO3 in the regulation of cell development, cell migration and blood vessel morphogenesis. Genes involved in these functional clusters comprised various well-known modulators of blood vessel morphogenesis such as the previously described FoxO1 target ANGPT2 (17) and myocyte enhancer factor 2C (MEF2C) as well as migration-associated genes such as cMET and SLIT2 (Suppl . Table II) . FRE-dependent expression of all these genes again was independently confirmed by qRT-PCR ( Fig. 3B  and C) .
FoxO3-induced cell cycle arrest occurs independently of FRE-binding. An immediate prediction emerging from the DAVID functional cluster analysis was that FoxO3 should induce cell cycle arrest independently of FRE-binding. Such a finding would corroborate earlier findings in a cancer cell line, in which a FRE-binding mutant of FoxO1 induced a G1-S cell cycle arrest by repression of CCND1 and D2 (6) . Remarkably, the majority of the genes in the cell cycle-associated functional clusters of the co-repressed group had predicted or demonstrated functions in replication/replication initiation (e.g. PCNA, CDC6, MCM2, 4 and 7) or G2-M progression (CCNB2, Aurora Kinase A (AURKA), Bub1B/BubR1, CDC20, ZWINT; Table III ) rather than in G1-S transition, suggesting that in ECs FoxO3 might affect cell cycle progression at different and/or multiple stages. To investigate at which stage FoxO3 activation predominantly inhibits cell cycle progression in ECs, we stably expressed FoxO3.A3.ER or FoxO3.A3.ER.H212R in HUVECs. Subsequently, we performed DNA profiling and BrdU incorporation experiments at different time points after 4OHT treatment to assess their effect on cell cycle progression. Suppl. Fig. 4 and Fig. 4A illustrate that activation of both mutants resulted in accumulation of cells in G1 and decreased BrdU incorporation as early as 8h after 4OHT treatment. Fig. 4B shows a statistical summary of three independent BrdU incorporation experiments, which confirms a visible but nonsignificant decrease of BrdU incorporation by both activated mutants after 8h of 4OHT treatment, which becomes statistically significant at 16-24h. We next examined the list of genes regulated by activation of the two FoxO variants for potential mediators of the observed G1-S cell cycle arrest. While we identified the established CDK inhibitor p27Kip1 as a FRE-dependent FoxO3 target gene, which could account for the observed G1 cell cycle arrest upon 4OHT-treatment of FoxO3.A3.ERinfected cells, we failed to detect the major D-type cyclins, CCND1 and D2, in the list of genes in the microarray and merely found CCND3 as jointly downregulated transcript (Table III) . However, closer examination of the microarray data revealed repression of CCND1 just below the threshold of 1.5 fold in the co-regulated group (data not shown) as well as a repression of the DNA replication cofactor PCNA. To evaluate CCND1 and PCNA repression as potential mechanisms for the observed G1-S cell cycle arrest with the FREbinding mutant we retrovirally expressed both FoxO3.ER variants in HUVECs and analyzed CCND1 and PCNA expression by quantitative RT-PCR 12h after 4OHT treatment. Concordantly, we observed repression of CCND1 and PCNA mRNA by FoxO3.A3.ER and FoxO3.A3.ER.H212R (Fig.  4C) . Thus, CCND1 and PCNA are regulated independently of FRE-binding and represent valid candidates to mediate FoxO3-induced cell cycle arrest in absence of a functional FRE-binding domain.
FoxO-induced regulation of endothelial apoptosis. A special case among the overrepresented functional groups was the clusters associated with apoptosis. While "regulation of apoptosis" was the top cluster with the highest enrichment score among the "FoxO3.A3.ER only"-group it was also statistically significantly represented in the co-upregulated genes. However, in the "FoxO3.A3.ER-only"-group two clusters of apoptosis-related genes with high enrichment scores were found as compared to only one apoptosis cluster with a lower enrichment score present in the co-upregulated group. Furthermore, the GO groups constituting the apoptosis-related functional cluster of the co-upregulated transcripts in general showed less significant (higher) p-value scores (Table I) .
The extrinsic death receptor pathway is not involved in FoxO3-mediated apoptosis. To better understand how exactly FoxO3 mediates apoptosis in ECs, we summarized all apoptosisrelated genes of the overrepresented functional clusters in Table II . Interestingly, both genes from the intrinsic mitochondrial pathway such as NOXA and BIM as well as genes of the extrinsic death receptor pathway such as TRAIL were found among the FoxO3-regulated genes. To determine the relative contribution of genes from the extrinsic death receptor pathway and the intrinsic mitochondrial pathway to FoxO3-mediated apoptosis we investigated cleavage of initiator Caspase-8 (Casp-8), which is commonly activated during death receptor-mediated apoptosis. Time course experiments revealed no obvious Casp-8 cleavage even at late time points (Fig. 5A) , at which apoptosis induction had already commenced as judged by presence of cleaved Casp-3 p17/19 (compare Fig. 1A) . In contrast to a recent report (38) , we also did not find any indication of altered transcript (Suppl. Fig. 5A ) or protein levels of the Casp-8 antagonist cFLIP L (Fig. 5A) . Neither did we detect cleavage to cFLIP-p43, which indicates successful receptor ligation (39) and is readily detectable upon treatment of primary ECs with sublethal doses of recombinant TRAIL that only triggers partial Casp-8 cleavage to p41/p43 (Fig 5A) but no major Casp-3 cleavage and subdiploidy induction (Suppl. Fig. 6A, B) . By contrast, co-treatment of TRAIL with nickel chloride (Ni 2+ ), an established repressor of cFLIP and sensitizer for TRAIL-induced apoptosis in ECs (39), allowed full Casp-8-cleavage to its active p18 fragment (Fig. 5A ). This correlated with Casp-3 cleavage and subdiploidy induction (Suppl. Fig.  6A, B) , confirming full functionality of the TRAIL death receptor pathway in ECs and its responsiveness to cFLIP modulation. To further validate that Casp-8 was not involved in FoxOinduced apoptosis we additionally employed a Casp-8-specific inhibitor, Z-IETD-FMK. Suppl. (Fig. 5C, D , Suppl. Fig. 5C ), indicating that in ECs FoxO3-induced apoptosis is triggered by activation of the intrinsic pathway .
BIM is regulated by classical and alternative mechanisms and critically contributes to FoxO3-induced apoptosis. Analysis of the apoptosis-related genes regulated by FoxO3 (Table II) for modulators of the intrinsic apoptosis pathway suggested the established proapoptotic FoxO target BIM as potential mediator of FREindependent apoptosis induction as it was found in the class of co-upregulated genes (Table II) . To consolidate this finding, we first tested the effect of conditional activation of both FoxO3.A3.ER and FoxO3.A3.ER.H212R on BIM-promoter activity using a BIM promoter-driven Luciferase reporter (BIM-Luc) (12) . Both 4OHT-mediated activation of FoxO3 and its corresponding FREbinding mutant were sufficient to transactivate the BIM promoter construct (Fig. 6A) . Likewise, qRT-PCR for BIM mRNA (Fig. 6B) and Western analysis of BIM protein (Fig. 6C) Fig.1 A and B) ChIP analysis revealed 4OHT-induced recruitment of both proteins to a conserved region of the BIM promoter (Fig.6D) encompassing its previously reported FRE-related sequence (12) (Suppl. Fig. 7) . (Fig. 6E) . Furthermore, it significantly decreased the number of apoptotic cells in DNA-profiling experiments (Fig. 6F) . Summarizing three independent cell cycle profiling experiments (Fig. 6G) , BIM siRNA suppressed apoptosis induced by both mutants by approximately 50% as compared to cells transfected with control siRNA. Thus, BIM clearly contributes to FoxO3-induced apoptosis and is regulated by classical and alternative mechanisms.
NOXA partially contributes to FoxO3-induced apoptosis. Considering that FoxO3.A3.ER.H212R induced BIM expression to higher levels than FoxO3.A3.ER while apoptosis induction was less pronounced, we concluded that BIM induction alone is unlikely to be the only mediator of FoxO3-induced apoptosis in ECs. Hence, we postulated the existence of at least one other target, which is regulated by direct FREbinding. Among the potential candidates listed in Table II , another proapoptotic Bcl2-like family member, NOXA, fulfilled both criteria of being (a) an inducer of the intrinsic apoptotic pathway and (b) of being a FRE-dependently (i.e. a FoxO3.A3.ER only) regulated gene. qRT-PCR of samples from FoxO3-infected HUVECs validated NOXA as a classically regulated gene (Fig. 7A) . To confirm the role of NOXA in FoxO3-induced apoptosis, we overexpressed the two FoxO3 mutants in HUVECs, followed by transfection of NOXA siRNA and treatment with 4OHT. NOXA siRNA introduction resulted in efficient knockdown of FoxO3-induced NOXA mRNA levels in qRT-PCR analysis (Fig. 7B) and decreased cleavage of Casp-3 (Fig. 7C) and subdiploid DNA content (Fig. 7D) . On the average NOXA siRNA reduced FoxO3.A3.ER-induced subdiploidy by about 25 % in three independent experiments (Fig.  7E) , while FoxO3.A3.ER.H212R-dependent subdiploidy was not significantly altered (p>0.05). Hence, NOXA critically contributes to FoxO3-induced apoptosis via classical but not alternative mechanisms.
DISCUSSION
Our knowledge of FoxO-dependent processes has tremendously increased with availability of knockout mice for the individual FoxO factors and the discovery of FRE-independent gene regulation in tumor cells. Yet, studies that investigate the relevance of this mechanism for FoxO-mediated gene expression and cell type-specific functions in primary human cells are still not available. Here we provide the first study analyzing FREdependent and -independent effects of FoxO3 in relevant primary human cells, i. e. ECs. Our bioinformatical analysis of the functional gene clusters regulated by FoxO3.A3.ER and its corresponding FRE-binding mutant revealed several overrepresented clusters regulated by classical and alternative mechanisms. The list of classically regulated functional groups primarily contained clusters related to metabolism, cell migration and blood vessel morphogenesis. Intriguingly, the presence of the cluster "blood vessel morphogenesis" implicates a direct effect of FoxO3 on vascular remodeling. This cluster contains genes such as ANGPT2, which antagonizes the vessel-stabilizing effects of ANGPT1 (42) and MEF2C, an important factor required for early cardiac development and vascular remodeling (43, 44) (17) , supporting a functional redundancy of FoxOs in vascular remodeling. Remarkably, our study revealed that the two most extensively studied responses to FoxO activation, induction of cell cycle arrest and apoptosis, do not require FRE-dependent gene expression. While the former confirms the observation of FREindependent cell cycle regulation by expression of a corresponding FoxO1 mutant in tumor cells (6) , this early study did not report a proapoptotic effect of the FoxO1-FRE mutant. This suggests that the FRE-independent anti-proliferative effect appears to be mediated by a conserved mechanism, whereas FRE-independent apoptosis induction is cell type-specific. Both the study by Ramaswamy and our own observations previously implicated downregulation of D-type cyclins as important mechanism of FRE-independent cell cycle arrest by FoxOs in other cells. The data presented here suggest that a similar mechanism also contributes to FRE-independent cell cycle arrest in primary ECs. This is particularly evident from our qRT-PCR experiments, which confirmed FREindependent repression of CCND1. Remarkably, we also found multiple genes related to replication or G2-M transition in the group of co-repressed genes, which is also reflected by the distinct overrepresentation of replication-and G2-Mrelated gene clusters identified by the DAVID analysis. It is tempting to speculate that FoxO3 thus might inhibit cell cycle progression at multiple levels. Indeed, our finding that FoxO3 can repress expression of the essential S-phase regulator PCNA supports this notion. However, it is unlikely that repression of S-phase regulators and G2-M genes is causal for the observed FREindependent cell cycle arrest in ECs, since our time course experiments demonstrate that the majority of cells arrests in G1-S. Nevertheless, FoxO3 has previously been implicated with regulation of G2-M progression in cancer cells (45) , (46) . Thus, we formally cannot exclude inhibition of G2-M progression as additional mechanism of FoxO3-induced cell cycle arrest. Future experiments are mandatory to clarify this issue.
Regarding the mechanism of FREindependent apoptosis induction, our data strongly suggest BIM as the crucial tissue-specific proapoptotic factor in ECs. This was surprising since the BIM promoter contains conserved albeit not perfectly matching FREs (compare Suppl. Fig.7 ) that can directly bind FoxO3 in bandshift assays (12) . Furthermore, these were reported to participate in FoxO3-induced transactivation of a BIM promoter-driven luciferase reporter in neuronal cells (12) . However, mutation of these FRE sites did not completely abolish FoxO3-mediated promoter activation, indicating that effective BIM expression may depend on the presence of additional tissue-specific factors. Consistently, BIM was not found as regulated gene in the aforementioned FoxO1 study (6) nor was it identified as FoxO3 target in a recent microarray study performed in DLD1 colon carcinoma cells, which undergo cell cycle arrest but not apoptosis upon FoxO3 activation (46) . In contrast, BIM represents an established FoxO3 target in various cells that show a pro-apoptotic response to FoxO3 (47) , supporting the view that tissue-specific factors cooperate with FoxO3 to induce BIM. Remarkably, our ChIP experiments revealed that the FoxO3.A3.ER.H212R mutant efficiently bound to a region of the BIM promoter containing one of the aforementioned imperfect FREs. At the same time it failed to bind to the IGFBP1 promoter, which contains a perfectly matching FRE. An attractive explanation for this discrepancy could be recruitment via interaction with a (tissue-specific) interaction partner. Although it is presently unknown how exactly FoxO3.A3.ER.H212R regulates BIM in ECs, a recent report demonstrated physical interaction of FoxO3 with RUNX transcription factors, which were required to completely activate BIM expression in different cell types (48) .
While we demonstrate that FREindependent gene expression is sufficient for apoptosis induction, our data suggest that a FREdependent mechanism greatly amplifies this process. For one, this is implicated by our bioinformatical analysis, which revealed a more prominent overrepresentation of apoptosisassociated GO groups among the FRE-dependent FoxO3 targets. Secondly, we consistently observed higher induction levels of BIM with the FREbinding mutant despite decreased Casp-3 cleavage and subdiploidy. While both the higher BIM expression and promoter binding may perhaps reflect an increased availability of the FRE-mutant for binding partners due to its deficiency to bind classical FREs, BIM upregulation alone cannot sufficiently explain the pro-apoptotic effect of FoxO3. Hence, one or several FRE-dependent targets are required for effective apoptosis induction by FoxO3 in ECs. We definitively can exclude a death receptor-dependent mechanism e.g. via repression of the Casp-8 antagonist cFLIP (38) or induction of TRAIL (10), since neither cFLIP L expression nor incubation with a Casp-8 inhibitor did affect FoxO3-induced apoptosis. Moreover, primary human ECs are highly resistant to death ligand-induced apoptosis and survive a stimulation of up to 3 mg/ml TRAIL in vitro (39) . BIM is also usually bound at the cytoskeleton and first has to be released to exert its proapoptotic effect (49) . Its release has recently been found to be mediated by GADD45, an established FoxO3 target and DNA damage response gene (14) , which likewise was present in our list of co-induced genes by the two FoxO mutants (data not shown). Thus, participation of another regulator of the intrinsic pathway is the most likely explanation for our observation. Among those, NOXA is the most promising candidate. NOXA has recently been described as FoxO3 target (50) and here we provide first evidence that its regulation is FREdependent. Normally, apoptosis initiation is inhibited by anti-apoptotic Bcl-2 family members, which prevent mitochondrial Bax/Bak activation (51) . Unlike BIM and other pro-apoptotic Bcl-2 family members that trigger apoptosis by their ability to neutralize these anti-apoptotic proteins, NOXA can only engage a subset of them (52) . Thus, NOXA requires the aid of other proapoptotic Bcl-2 proteins and/or simultaneous loss of antiapoptotic Bcl-2 proteins to influence apoptosis. NOXA therefore may merely act as amplifier of the process, while tissue-specific expression of FRE-independent targets such as BIM is required to determine the apoptotic fate. Consistently, NOXA depletion reduced FoxO3.A3.ER-induced apoptosis in our experiments but failed to reduce apoptosis induction by the FRE mutant. In contrast, BIM siRNA efficiently suppressed apoptosis induced by the two FoxO3 mutants, suggesting a potential cooperation of both factors in FoxO3-induced apoptosis. It remains to be elucidated whether such cooperation can sufficiently explain the mystery of cell-type specific apoptosis by FoxO3, but at least this is an attractive hypothesis.
Besides cell cycle and apoptosis regulation, we also found several functional annotation clusters related to leukocyte differentiation overrepresented among the coregulated genes. Particularly in view of the FoxO3 knockout phenotype, which exhibits defects in lymphocyte homeostasis in the T-cell compartment (21) , this is an interesting finding. A potential candidate gene contributing to this imbalance is the transcription factor EGR1. EGR1-deficient mice have previously been shown to contain increased numbers of T-cells (36) and haplodeficiency of EGR1 leads to development of T-cell lymphomas (37), the second prevalent tumor type induced by combined somatic deletion of multiple FoxO factors besides hemangiomas (20) . Noteworthy, EGR1 is induced by vascular injury (53) and promotes FGF-dependent angiogenesis during tumor growth upon transient activation (54) while long-term EGR1 expression blocks tumor angiogenesis (55) . Loss of EGR1 thus might contribute to hemangioma formation in FoxO1/3 double deficient mice (20) and partially account for the anti-angiogenic properties of FoxO1 and FoxO3 in ECs (18) even more since EGR1 is also a FoxO1 target gene in human ECs (17) . The exact role of individual targets of these leukocyte-related clusters remain to be determined, but in any case the high prevalence of such clusters in the group of co-induced genes implicates a potentially important role of FRE-independent FoxO3 targets in the regulation of cell-type specific functions such as lymphocyte homeostasis, inflammation and tumor angiogenesis.
While both the divergent knock-out phenotypes (19) and the reported gene expression differences upon knock-down of FoxO1 and 3 in human ECs (18) suggest a non-redundant function of FoxOs in ECs, the tumor-suppressive function appears to be conserved since combined deletion of FoxO1, 3 and 4 greatly enhanced hemangioma formation (20) . At the first glance this appears to be at odds with the finding that FoxO-induced cell cycle arrest does not require FRE-dependent gene expression. However, both FoxO3.A3.ER.H212R (this study) and FRE-binding efficient FoxO1 (6), can repress D-type cyclins. Two scenarios could explain these results: For one, FoxO1 and FoxO3 could interact with common binding partners to regulate CCND expression. Alternatively, both FRE-binding mutants could interact with similar alternative binding sites at the CCND1 promoter. Both possibilities suggest a participation of either the highly homologous forkhead box or other conserved motifs. While it is unclear, which mechanism is operative for CCND1, it is well known that some binding partners such as nuclear hormone receptors bind to FoxOs via a conserved LxxLL motif C-terminal of the forkhead box (56) . Interestingly, comparison of our target genes to those of FoxO1 in ECs (17, 18) and of FoxO1 and FoxO3 in other cell systems (6,46) reveals coregulation of various alternative FoxO3 targets (compare Tables II, III, Suppl. Tables I and II) , implicating a substantial overlap in FREindependent gene expression. Thus, FREindependent gene regulation does not generally exclude functional redundancy and not necessarily implicates cell-type specific regulation. On the other hand, we also found cell type-specific genes among the classical target genes as exemplified by ANGPT2, demonstrating tissue-specific regulation of classical target genes as well. This likely occurs due to posttranslational modulation of FoxOs such as acetylation or phosphorylation, which have previously been shown to be important for the regulation of direct FoxO targets such as FasL (57) . Thus, the picture emerges that posttranslational modifications of FoxOs in combination with interaction with other transcriptional mediators can turn FoxO responses into a certain direction. Therefore the outcome of FoxO activation is likely dependent on tissuespecific expression of the different FoxOs as well as on presence and activation status of cofactors and posttranslational modification enzymes, which together determine the cell type-specific responses to FoxO factors. Future comparative studies of FRE-dependent and -independent gene expression in a single cell type are required to dissect the relative contribution of these different mechanisms in individual cells. All data are derived from at least three independent experiments. Statistical significances were calculated by Student's t-test.
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Fig. 2. Functional annotation clustering reveals the presence of classically and alternatively regulated functional gene clusters.
HUVECs were retrovirally infected with either empty vector, FoxO3.A3.ER or FoxO3.A3.ER.H212R and reseeded after puromycin selection. Total RNA from three independent experiments was isolated after 12h of 4OHT treatment and global gene expression determined by oligonucleotide microarray analysis as described in Experimental Procedures. Gene profiles were analyzed using DAVID as described in the Methods section. The enrichment score on the xaxis ranks the overrepresentation of a cluster composed of functionally similar GO groups in relation to the total number of genes on the chip. Functional annotation clusters were assigned by the subset GO group designation with the highest significant p-value.
Fig. 3. FoxO3 induces genes involved in migration, vascular remodeling and leukocyte differentiation.
HUVECs were retrovirally infected with the indicated constructs and puromycin-selected prior to reseeding. (A-C) qRT-PCR showing expression of genes involved in migration, vascular remodeling and leukocyte differentiation by classical and alternative mechanisms after 12h of 4OHT-treatment. Gene expression was normalized to GAPDH expression and data are presented as average fold regulation ± SD as compared to unstimulated vector controls and are derived form at least three independent experiments. Statistical significances were calculated by Student's t-test. . C qRT-PCRs, showing repression of endothelial CCND1 and PCNA mRNA 12h after 4OHT treatment. Gene expression was normalized to GAPDH expression and is presented as average fold expression ± SD of three independent experiments in relation to unstimulated vector controls. Statistical significances were determined using Student's t-test. 
